1. Introduction {#s0005}
===============

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection in infants and young children [@b0005]. RSV is responsible for a substantial healthcare burden, causing an estimated three-four million hospitalizations and nearly 200,000 deaths annually [@b0005]. In addition to frequently infecting children, RSV is a common cause of severe respiratory disease in immunocompromised and elderly populations [@b0010], [@b0015], [@b0020], [@b0025]. RSV is ubiquitous with nearly all children becoming infected by two years of age [@b0030]. However, effective long-term immunity is not conferred by infection with RSV, resulting in frequent reinfections throughout life [@b0030], [@b0035], [@b0040]. Despite the immense economic burden caused by RSV-associated disease, there remains no licensed RSV vaccine.

CD8 T cells are induced following RSV infection in both mice and humans and make several important contributions to the host immune response. It is well-established that CD8 T cells are critical for mediating viral clearance following RSV infection [@b0045], [@b0050]. RSV-specific memory CD8 T cells are also capable of providing protection against a secondary RSV infection by reducing lung viral titers through the killing of virus-infected cells [@b0055], [@b0060]. However, CD8 T cells may also be detrimental during RSV infection, as they can induce immunopathology resulting in exacerbated disease [@b0045], [@b0060]. CD8 T cells both produce and are regulated by a variety of cytokines following RSV infection. Interferon-γ (IFN-γ) and tumor necrosis factor (TNF) secreted by CD8 T cells contribute to viral clearance but can also mediate immunopathology following RSV infection [@b0060], [@b0065], [@b0070], [@b0075]. In contrast, CD8 T cell activation and effector functions are inhibited by the actions of a variety of cytokines, including interleukin-10 (IL-10) and IL-4 [@b0080], [@b0085], [@b0090], [@b0095]. Here we review the current literature on CD8 T cell responses following RSV infection and discuss the role of cytokines produced by CD8 T cells in both protecting against and exacerbating RSV-induced disease. A special emphasis is also placed on the regulation of CD8 T cell responses following RSV infection through the actions of various cytokines.

2. The CD8 T cell response to RSV infection {#s0010}
===========================================

2.1. CD8 T cell activation {#s0015}
--------------------------

Following RSV infection, dendritic cells (DCs) play a critical role in the activation of naive CD8 T cells. DCs express MHC class I molecules on their cell surface that bind viral antigen for presentation to CD8 T cells. Three main subsets of DCs are recruited to the lung and airways following RSV infection: CD11b^+^ DCs, CD103^+^ DCs, and plasmacytoid DCs [@b0100], [@b0105], [@b0110]. CD11b^+^ and CD103^+^ DCs may be the primary DC subsets responsible for CD8 T cell activation, as both subsets express viral RNA following infection *in vivo* and induce strong proliferation of CD8 T cells *in vitro* [@b0105], [@b0110], [@b0115]. In contrast, while plasmacytoid DCs are capable of being directly infected *in vitro*, they are weak inducers of T cell proliferation [@b0120]. In addition to antigen presentation, DCs provide a costimulatory signal to naive CD8 T cells. The interaction between CD80 and CD86 on the surface of DCs and CD28 expressed on T cells is critical for CD8 T cell activation and survival. Both murine and human DCs upregulate CD80 and CD86 costimulatory molecules following RSV infection [@b0115], [@b0125], [@b0130], [@b0135]. Additionally, inhibiting costimulation of CD8 T cells through the administration of CD80- and CD86-blocking antibodies results in reduced numbers of RSV-specific CD8 T cells [@b0110], [@b0140]. These results support the critical role of DC-provided costimulatory signals for CD8 T cell activation following RSV infection. Lastly, DCs provide signal 3 cytokines, such as IL-12 and type I IFNs, to CD8 T cells during activation to promote their proliferation, survival, and memory generation [@b0145], [@b0150]. Both murine and human DCs are capable of producing IL-12 and type I IFNs following *ex vivo* stimulation with RSV, providing evidence that DCs supply signal 3 cytokines to RSV-specific CD8 T cells [@b0100], [@b0130], [@b0155], [@b0160]. Overall, RSV infection promotes pulmonary DCs to provide antigen, costimulation, and signal 3 cytokines to CD8 T cells to induce a robust RSV-specific CD8 T cell response.

2.2. Kinetics and phenotype of the CD8 T cell response {#s0020}
------------------------------------------------------

Following activation in mouse models, RSV-specific CD8 T cells expand in both frequency and total number in the lungs and airways [@b0165], [@b0170], [@b0175]. Additionally, antigen-specific CD8 T cells can be detected in the lung-draining lymph node, spleen, and peripheral blood [@b0165], [@b0170]. RSV-specific CD8 T cells exhibit an activated phenotype through the upregulation of activation-associated markers, such as CD11a, CD25, CD44, and NKG2a, and the downregulation of the lymphoid homing receptor CD62L ([Fig. 1](#f0005){ref-type="fig"} a) [@b0180], [@b0185]. CD8 T cells also develop the ability to produce pro-inflammatory cytokines and effector molecules, including the cytokines IFN-γ and TNF [@b0175], [@b0185]. RSV-specific CD8 T cell expansion in the lungs reaches its peak at approximately 8--10 days following RSV infection in mice ([Fig. 1](#f0005){ref-type="fig"}a) [@b0170], [@b0175], [@b0185], [@b0190]. Due to the lack of defined CD8 T cell epitopes and the difficulty in obtaining serial patient samples following initial RSV exposure, reports examining the detailed kinetics of CD8 T cell responses following a primary infection in humans are limited. The best evidence that is likely most reflective of a primary CD8 T cell response after an initial RSV infection comes from studies evaluating infants. RSV-specific CD8 T cells in the peripheral blood of infants following RSV infection undergo CD8 T cell expansion that peaks at approximately 12 days following symptom onset before declining over time [@b0195], [@b0200]. Similar kinetics are observed in tracheal aspirates of RSV-infected infants, with CD8 T cell frequencies peaking 10--15 days after the onset of respiratory symptoms [@b0205]. As in mice, CD8 T cells from infants exhibit an activated phenotype following an acute RSV infection by upregulating expression of the activation marker HLA-DR and the proliferation marker Ki-67 [@b0195], [@b0200], [@b0205]. CD8 T cells from the airways and blood of RSV-infected infants also produce effector cytokines and molecules, including IFN-γ, granzyme B, and perforin [@b0195], [@b0200], [@b0205]. Overall, CD8 T cells expand in total number and can exert effector activity following an acute RSV infection in both mice and humans.Fig. 1The CD8 T cell response following acute RSV infection. (A) Following antigen presentation by DCs, naive CD8 T cells become activated, as measured by the upregulation of activation markers, such as CD11a, and the downregulation of the lymphoid homing receptor CD62L. Activated RSV-specific CD8 T cells expand both in frequency and total number in the lung, peaking at approximately 8--10 days following RSV infection. The peak of pulmonary CD8 T cell expansion coincides with complete viral clearance from the lung. (B) After peak expansion, contraction occurs to reduce the total number of RSV-specific CD8 T cells and form a stable memory population. (C) Based on their phenotype and circulatory properties, three primary memory CD8 T cell populations are formed following infection: T~CM~, T~EM~, and T~RM~. T~CM~ (CD62L^hi^CCR7^hi^IL-7Rα^hi^KLRG1^lo^) primarily circulate between the blood and secondary lymphoid organs, while T~EM~ (CD62L^lo^CCR7^lo^IL-7Rα^lo^KLRG1^hi^) predominate within the lung but are also capable of circulating within the blood. In contrast, T~RM~ (CD62L^lo^CD69^hi^CD103^hi^) represent a non-circulating, lung-resident population of memory CD8 T cells.

2.3. Viral clearance mediated by CD8 T cells {#s0025}
--------------------------------------------

Several studies in mice have firmly established CD8 T cells as being critical for mediating viral clearance following an acute RSV infection. The peak of the RSV-specific CD8 T cell response correlates with complete viral clearance from the lung between 8 and 10 days following a primary RSV infection ([Fig. 1](#f0005){ref-type="fig"}a) [@b0075], [@b0090], [@b0170], [@b0175], [@b0210], [@b0215]. Infection of athymic nude mice, which lack T cells, results in a persistent infection in which the virus is detectable for at least 20 days post-infection [@b0215], [@b0220]. However, RSV-infected nude mice efficiently eliminate the virus following the adoptive transfer of RSV-primed splenic CD8 T cells [@b0220]. Similarly, wild-type (WT) mice that receive RSV-primed, *in vitro*-stimulated splenic CD8 T cells exhibit accelerated viral clearance compared to mice that did not receive a CD8 T cell transfer [@b0070], [@b0225], [@b0230], [@b0235]. Recently, two different T cell receptor (TCR) transgenic mouse strains specific to the K^d^-restricted RSV-derived M2~82-90~ CD8 T cell epitope were developed [@b0240]. The use of TCR transgenic CD8 T cells is beneficial because they allow for the transfer of RSV-specific CD8 T cells without the need for prior *in vitro* stimulation. Similar to mice given *in vitro*-stimulated splenic CD8 T cells, mice receiving TCR transgenic CD8 T cells prior to RSV infection exhibit significantly reduced lung viral titers compared to no transfer controls [@b0050]. Additionally, antibody-mediated depletion of CD8 T cells prior to RSV infection results in significantly delayed viral clearance compared to controls [@b0045]. Together, these studies clearly demonstrate the importance of CD8 T cells in mediating viral clearance following a primary RSV infection in mice.

Although limited studies have been performed to date, CD8 T cells have also been identified as being important for viral control following RSV infection in humans. Similar to studies in immunodeficient mice, immunocompromised children with T cell defects exhibit prolonged viral shedding compared to immunologically normal children following RSV infection [@b0020], [@b0245], [@b0250]. Mean peak viral titers are also significantly elevated in immunodeficient children [@b0020]. Perhaps the greatest example of a CD8 T cell contribution to viral clearance in humans occurred during the evaluation of viral loads in an RSV-infected infant with severe combined immunodeficiency [@b0245]. Following bone marrow transplantation, nasal wash RSV titers were dramatically reduced, which strongly correlated with the engraftment and induction of a CD8 T cell response. Together, these studies support a critical role for CD8 T cells in mediating viral clearance following acute RSV infection in humans.

2.4. Memory CD8 T cell populations following RSV infection {#s0030}
----------------------------------------------------------

Following expansion, the majority of responding CD8 T cells undergo apoptosis resulting in a decrease in the total number of antigen-specific CD8 T cells to form a stable memory population ([Fig. 1](#f0005){ref-type="fig"}b). A portion of the memory CD8 T cell population are central memory cells (T~CM~) that express CD62L, CCR7, and the IL-7 receptor α-chain and primarily circulate between the blood and secondary lymphoid organs ([Fig. 1](#f0005){ref-type="fig"}c) [@b0255], [@b0260]. In contrast, the vast majority of virus-specific CD8 T cells are located within the lung parenchyma during the memory phase, rather than circulating through the pulmonary vasculature [@b0190]. The populations of memory CD8 T cells within the lung parenchyma are primarily effector memory cells (T~EM~) and tissue-resident memory cells (T~RM~). T~EM~ cells are characterized by their expression of KLRG1 and low expression of CD62L and CCR7 ([Fig. 1](#f0005){ref-type="fig"}c) [@b0260], [@b0265]. Unlike T~CM~, T~EM~ cells do not circulate through secondary lymphoid organs but can circulate through the blood. T~RM~ are a recently identified population of non-circulating memory CD8 T cells in peripheral organs, including the lung that can be distinguished based on their expression of the canonical tissue-residency markers CD69 and CD103 [@b0270], [@b0275]. As described in other infection models, RSV infection induces the generation of antigen-specific T~RM~ expressing CD69 and CD103 within the lung parenchyma ([Fig. 1](#f0005){ref-type="fig"}c) [@b0190], [@b0280]. Additionally, RSV-specific T~RM~ within the lung can also be generated by local immunization with RSV-derived antigens [@b0060], [@b0285], [@b0290]. Overall, RSV infection induces robust activation of pulmonary CD8 T cells that form a memory population within the lung tissue following contraction in mice.

While contraction differs slightly from what is observed in murine models, stable memory CD8 T cell populations are also generated in the lung and airways following RSV infection in humans. Contraction of CD8 T cell responses in the peripheral blood of both infants and adults is observed leading to a reduction in the total frequencies of RSV-specific memory CD8 T cells [@b0195], [@b0295]. In contrast, RSV-specific memory CD8 T cell frequencies in the airways of infected infants remain elevated during convalescence and persist for several months after infection [@b0195]. Similar results are observed in the airways of adults following an experimental RSV infection [@b0295]. Like in the airways, an increased frequency of RSV-specific memory CD8 T cells was also observed within lung tissue sections compared to the peripheral blood of an adult patient [@b0300]. Overall, these results suggest that virus-specific memory CD8 T cells are enriched within the lung and airways following RSV infection in humans. Like in mice, human CD8 T cells develop an activated phenotype. RSV-specific peripheral blood memory CD8 T cells from both infants and adults express an effector memory phenotype (CD45RA^−^CCR7^−^) and upregulate markers associated with activation and proliferation, including CD27, CD28, CD38, and Ki-67 [@b0195], [@b0295], [@b0305], [@b0310]. A similar phenotype is also observed on RSV-specific memory CD8 T cells in the airways of both infants and adults [@b0195], [@b0295]. As in mice, RSV-specific T~RM~ expressing CD69 and CD103 in the airways following RSV infection have also been described in humans [@b0295]. Together, these studies demonstrate that memory CD8 T cell responses are also induced following RSV infection in humans.

2.5. Protection against secondary infection {#s0035}
-------------------------------------------

In addition to mediating viral clearance following an acute RSV infection, memory CD8 T cells have also been shown to provide protection against secondary RSV exposure. Many studies have evaluated the capacity of memory CD8 T cells to provide protection against RSV infection by immunizing against whole RSV proteins to generate pre-existing RSV-specific CD8 T cells. Viral vector-based approaches engineered to express whole RSV proteins have included recombinant baculoviruses expressing the RSV M2 protein, recombinant murine cytomegaloviruses expressing the RSV M protein, as well as virus-like particles containing both the RSV M and M2 proteins [@b0285], [@b0290], [@b0315]. All of these immunization strategies generated RSV-specific CD8 T cell responses that significantly reduced viral titers in the lung following RSV challenge. However, given that RSV CD4 T cell epitopes are also present within the RSV M and M2 proteins, the protection afforded by these immunization strategies cannot be solely attributed to the RSV-specific memory CD8 T cell response [@b0320], [@b0325]. Alternative approaches have been utilized to specifically address the role of memory CD8 T cells in providing protection in the absence of RSV-specific CD4 T cells and antibodies. One such approach involved challenging RSV-infected mice with a recombinant *Listeria monocytogenes* (LM) expressing an RSV-derived CD8 T cell epitope such that only RSV-specific CD8 T cells were capable of responding in an antigen-specific manner [@b0165]. Mice previously infected with RSV exhibit significantly enhanced control of LM in the spleen compared to naive mice, suggesting a protective role of memory CD8 T cells. Alternatively, the transfer of sorted airway memory CD8 T cells significantly reduces lung RSV RNA levels following RSV challenge compared to mice receiving either no cells or sorted CD4 T cells [@b0280]. Other studies have used peptide epitope vaccinations to generate pre-existing, systemic RSV-specific memory CD8 T cells that significantly accelerated viral clearance following RSV challenge [@b0055], [@b0060]. Recent studies have demonstrated that T~RM~ play a critical role in providing protection against secondary influenza virus infections [@b0330], [@b0335], [@b0340]. Importantly, several reports have also supported a role for RSV-specific T~RM~ in providing protection against RSV infection [@b0060], [@b0280], [@b0285], [@b0290]. Together, these studies establish that memory CD8 T cells provide protection against secondary RSV infection.

While well-studied in mouse models, the role of memory CD8 T cells in providing protection against secondary infection in humans remains unclear. The number of pre-existing RSV-specific CD8 T cells in the airways of adults correlates with a reduction in both cumulative nasal viral load and peak viral load in bronchial brushings following an experimental RSV infection [@b0295]. Similarly, the number of pre-existing RSV-specific memory CD8 T cells also correlates with a reduction in symptom illness score. These results support a role for memory CD8 T cell-mediated protection in humans. In contrast, evidence against a role for CD8 T cells in providing protection against secondary infection has also been reported. The frequency of CD8 T cells in the blood of children is not increased following a natural reinfection with RSV, however, it is possible that their frequency is elevated within the lung and airways [@b0345]. There is also no difference in the number of pre-existing RSV-specific memory CD8 T cells between experimentally RSV-challenged adults that proceed to have a productive RSV infection and those who do not [@b0295]. These results suggest that while memory CD8 T cells may not prevent an infection from occurring in humans, they are critical for reducing viral load and subsequent disease symptoms in RSV-infected individuals. Overall, much remains to be understood regarding the contribution of memory CD8 T cells in providing protection against RSV in humans and requires further investigation.

2.6. CD8 T cell-mediated immunopathology {#s0040}
----------------------------------------

Despite their importance in mediating viral clearance, CD8 T cells have also been shown to be detrimental following an RSV infection by inducing immunopathology. Weight loss and symptom illness scores are significantly ameliorated in mice that are depleted of CD8 T cells prior to an acute RSV infection compared to controls [@b0045]. Similarly, mice that receive either RSV-primed, *in vitro*-stimulated CD8 T cells or TCR transgenic CD8 T cells exhibit exacerbated weight loss or mortality following RSV infection, despite a reduction in lung viral titers [@b0050], [@b0070], [@b0225], [@b0230], [@b0235]. In addition to inducing immunopathology following a primary RSV infection, we recently showed that memory CD8 T cells can also mediate severe immunopathology following a secondary RSV challenge [@b0060]. In this study, mice received a DC-prime, LM-boost (DC-LM) immunization against an RSV-derived CD8 T cell epitope to generate a large frequency of pre-existing RSV-specific memory CD8 T cells in the absence of RSV-specific CD4 T cells and antibodies. Following RSV challenge, DC-LM-immunized mice exhibited significantly enhanced weight loss, pulmonary dysfunction, and mortality compared to controls. These results were unexpected given that similar immunization approaches to generate high magnitude memory CD8 T cell responses to other respiratory viruses, including influenza virus and SARS coronavirus, did not result in immunopathology following viral challenge [@b0350], [@b0355]. Interestingly, the induction of immunopathology mediated by both primary and memory CD8 T cells is largely driven by cytokine production, particularly IFN-γ and TNF, as will be discussed in detail in [3.2](#s0055){ref-type="sec"}, [3.3](#s0060){ref-type="sec"} below [@b0060], [@b0070]. The localization of the memory CD8 T cell response is also important in the induction of CD8 T cell-mediated immunopathology. Local immunization generates memory CD8 T cells that are primarily located within the lung parenchyma, while peripheral immunization induces systemic memory CD8 T cells [@b0060]. Importantly, mice immunized locally exhibit significantly ameliorated morbidity and mortality compared to systemically immunized mice. Therefore, memory CD8 T cells within the lung induce significantly reduced immunopathology following RSV challenge compared to peripheral memory CD8 T cells. Together, these studies demonstrate a clear role for CD8 T cells in the induction of immunopathology following RSV infection in mice.

While their role in murine studies has been clearly demonstrated, the extent to which CD8 T cells induce immunopathology following RSV infection in humans remains unclear. CD8 T cell numbers following bone-marrow transplantation in an RSV-infected severe-combined immunodeficiency patient correlated directly with elevated respiratory rates, indicating a worsening of pulmonary function, despite a reduction in viral load [@b0245]. Additionally, children requiring mechanical ventilation due to RSV lower respiratory tract infection exhibit significantly elevated granzymes, which were primarily produced by CD8 T cells, in tracheal aspirates compared to healthy controls [@b0360]. Finally, despite a correlation with declining viral load, peak CD8 T cell activation following experimental RSV infection of adults also correlates with elevated symptom illness scores [@b0295]. In contrast to these results, other studies do not support a role for CD8 T cell-mediated immunopathology following RSV infection in humans. Immunohistochemical staining of pulmonary sections from fatal RSV cases identified a near absence of CD8 T cells, suggesting that CD8 T cells did not contribute to the fatal outcomes [@b0365], [@b0370]. Additionally, gene expression analysis of children with severe RSV infection revealed that CD8 T cell-associated genes are significantly underrepresented compared to children with mild or moderate RSV disease [@b0375]. While these studies do not implicate CD8 T cells, the overall role of CD8 T cells in the induction of immunopathology following RSV infection in humans is unclear and remains an important topic for future investigation.

3. CD8 T cell cytokine production {#s0045}
=================================

RSV induces the production of a variety of cytokines in the lungs and airways following infection of both mice and humans. Several pro-inflammatory cytokines are secreted in the lung and airways following RSV infection in mice, including IFN-γ, TNF, IL-4, IL-6, macrophage inflammatory protein-1α (MIP-1α), and MIP-1β [@b0095], [@b0380], [@b0385], [@b0390]. Inhibitory cytokines are also detected following RSV infection in mice, most commonly IL-10 [@b0385], [@b0395]. Importantly, these same cytokines are elevated in the nasopharyngeal secretions of infants recently infected with RSV [@b0365], [@b0400], [@b0405], [@b0410]. The induction of many pro-inflammatory cytokines has been directly associated with CD8 T cell responses. The adoptive transfer of TCR transgenic CD8 T cells elicits elevated levels of IFN-γ, TNF, IL-6, and MIP-1α protein in the lungs following RSV infection [@b0050]. Additionally, the peak level of IFN-γ, TNF, and IL-6 proteins coincides with the induction of T cell responses following RSV infection [@b0095], [@b0385], [@b0395]. Thus, RSV infection of both mice and humans induces the production of a variety of cytokines as a result of both virus-induced inflammation and the host anti-viral response.

Many of the cytokines secreted following RSV infection have been demonstrated to be produced by RSV-specific CD8 T cells ([Fig. 2](#f0010){ref-type="fig"} a). Several studies have shown that CD8 T cells in the lung, airways, and spleen are capable of producing IFN-γ, TNF, and IL-2 following an acute RSV infection using *ex vivo* stimulation with either whole RSV proteins or RSV-derived peptides followed by intracellular cytokine staining [@b0170], [@b0175], [@b0185], [@b0210], [@b0415]. Memory CD8 T cells following either primary or secondary RSV infection can also produce IFN-γ, TNF, and IL-2 after *ex vivo* peptide stimulation [@b0055], [@b0060], [@b0170]. Similarly, CD8 T cells isolated from the peripheral blood of infants or adults exhibit production of IFN-γ, TNF, and IL-2 following stimulation [@b0195], [@b0295], [@b0310]. Alternatively, an *in vivo* intracellular cytokine staining method has been adopted to allow for the direct detection of cytokines produced by CD8 T cells without the need for *ex vivo* stimulation [@b0420]. This method has confirmed the production of IFN-γ, TNF, and IL-10 by both effector and memory RSV-specific CD8 T cells [@b0060], [@b0395], [@b0425]. The critical roles played by the cytokines CD8 T cells produce following RSV infection will be discussed in further detail in [3.1](#s0050){ref-type="sec"}, [3.2](#s0055){ref-type="sec"}, [3.3](#s0060){ref-type="sec"}.Fig. 2The role of cytokines in the CD8 T cell response following RSV infection. (A) Activated CD8 T cells in the lung secrete an array of cytokines following RSV infection, including IFN-γ, TNF, and IL-2. IFN-γ and TNF have been established as contributors to accelerating viral clearance as well as inducing immunopathology following infection. IL-2 is critical for the enhancement of CD8 T cell activation, proliferation, and memory generation during RSV infection. Additionally, CD8 T cells are also capable of producing IL-10, which may autoregulate CD8 T cell effector functions. (B) A variety of cytokines contribute to the regulation of CD8 T cell expansion and effector functions to limit immunopathology following RSV infection. IL-10 produced by both regulatory and effector CD4 T cells is the most well-studied cytokine responsible for suppressing RSV-specific CD8 T cell responses. Additionally, IL-4, IL-17, IL-6, and IL-27 may play a role in the inhibition of CD8 T cells following RSV infection.

3.1. IL-2 {#s0050}
---------

IL-2 has been established as a key T cell growth factor and is critical for the generation of memory CD8 T cell populations [@b0430], [@b0435], [@b0440]. Despite the low level of IL-2 production by mouse and human CD8 T cells following RSV infection, IL-2 has been shown to be critical for RSV-specific CD8 T cells both *in vitro* and *in vivo* [@b0170], [@b0210], [@b0295], [@b0445]. RSV-specific CD8 T cells isolated from the peripheral blood of adults exhibit significantly enhanced proliferation *in vitro* when cultured with peptide in addition to IL-2 compared to peptide alone [@b0305]. This enhancement is reversed in the presence of IL-2 receptor-blocking antibodies, highlighting the importance of IL-2 signaling for RSV-specific CD8 T cell proliferation *in vitro*. IL-2 also plays an important role *in vivo* following RSV infection by supporting CD8 T cell cytokine production. CD8 T cells from mice which are supplemented with IL-2 *in vivo* during a primary RSV infection exhibit an increased frequency of IFN-γ production by CD8 T cells following peptide stimulation compared to controls [@b0450]. Additionally, the frequency of RSV-specific CD8 T cells is substantially increased during the memory phase, supporting a role for IL-2 in the generation of memory CD8 T cell populations following RSV infection. Overall, IL-2 plays a critical role in the generation and maintenance of CD8 T cells in RSV infection, as has also been shown with other viral infections.

3.2. IFN-γ {#s0055}
----------

IFN-γ is the primary cytokine produced by CD8 T cells following RSV infection and has been demonstrated to perform a variety of functions. One of the activities attributed to IFN-γ is the acceleration of viral clearance following RSV infection. Infection with a recombinant RSV strain expressing IFN-γ significantly reduces virus replication in both the lungs and nasal turbinates of mice [@b0065]. Similarly, intranasal treatment of mice with recombinant IFN-γ protein accelerates viral clearance in the lungs [@b0455]. Antibody-mediated depletion of IFN-γ prior to RSV infection results in elevated lung viral titers compared to IgG-treated controls [@b0070], [@b0390]. Similar results are observed following the transfer of IFN-γ knockout (KO) splenocytes compared to their WT counterparts [@b0070]. However, regardless of the presence or absence of IFN-γ, all mice are able to completely clear the virus by 8 days post-infection [@b0070], [@b0455]. These results indicate that IFN-γ contributes to RSV clearance in the lung and airways but is not required. In contrast, other studies have found that IFN-γ is not involved in the elimination of virus from the lung following RSV infection. WT and IFN-γ KO mice exhibit similar kinetics of virus replication in the lungs following RSV infection [@b0075]. Similarly, viral control of a secondary RSV challenge by RSV-specific memory CD8 T cells is not affected by antibody-mediated neutralization of IFN-γ [@b0060]. Overall, these results suggest that IFN-γ may play a role in accelerating viral clearance following a primary RSV infection but is likely not the primary mechanism and may not impact clearance of subsequent RSV exposures.

In mouse models of RSV infection, it is well-established that IFN-γ is important for driving CD8 T cell-mediated immunopathology resulting in exacerbated disease. Elevated IFN-γ protein levels correlate with enhanced respiratory disease parameters, including respiratory rate and airway obstruction [@b0390]. RSV infection of IFN-γ KO mice results in significantly reduced airway obstruction compared to WT mice. Additionally, neutralization of IFN-γ prior to the adoptive transfer of RSV-primed splenocytes results in significantly reduced weight loss following RSV infection [@b0070]. Similarly, the adoptive transfer of IFN-γ KO CD8 T cells induces significantly ameliorated disease following RSV infection compared to the adoptive transfer of WT CD8 T cells. RSV challenge of DC-LM-immunized mice results in significantly elevated levels of IFN-γ protein in the lung and serum, which is primarily produced by CD8 T cells in the lung and airways [@b0060]. Neutralization of IFN-γ in DC-LM-immunized mice results in significantly ameliorated weight loss and pulmonary dysfunction as well as complete protection from mortality following RSV challenge. Overall, these studies indicate that IFN-γ, particularly CD8 T cell-derived IFN-γ, drives immunopathology following RSV infection in mice.

In contrast to what is observed in mouse models, the majority of evidence points to a protective role for IFN-γ following RSV infection in humans. RSV infection induces the production of IFN-γ in the nasal passages and serum of infants, and the levels are elevated above what is observed in healthy infants [@b0400], [@b0460]. However, IFN-γ levels in the blood, serum, or nasal washes of infants exhibiting severe RSV disease are substantially reduced compared to infants with only mild RSV disease [@b0400], [@b0410], [@b0465]. One example of this dichotomy is that infants requiring mechanical ventilation following RSV infection exhibit significantly reduced nasal IFN-γ protein levels versus RSV-infected infants not requiring mechanical ventilation [@b0470]. In addition to reduced overall IFN-γ protein levels, infants with severe disease also exhibit fewer CD8 T cells in their peripheral blood producing IFN-γ following *in vitro* stimulation than infants with mild disease [@b0400]. Also supporting a protective role for IFN-γ during RSV infection is the reduction of IFN-γ-producing CD8 T cells in the peripheral blood of elderly patients, who are more susceptible to RSV disease, compared to younger adults [@b0475]. Together, these results suggest that IFN-γ is protective following RSV infection in humans, as a lack of IFN-γ correlates with more severe disease. Further work is required to evaluate this perceived contradictory role of IFN-γ between human disease and what is observed following infection in murine models.

3.3. TNF {#s0060}
--------

An important function of TNF is its contribution to viral clearance in the lung following RSV infection. Antibody-mediated neutralization of TNF results in significantly elevated lung virus titers at the peak of RSV replication following primary infection in mice [@b0480]. In another study, viral clearance was delayed in mice treated with an anti-TNF neutralizing antibody compared to WT controls, although both groups ultimately achieve complete viral clearance [@b0075]. Mice deficient in either the Fas:FasL or perforin pathways also exhibit significantly delayed viral clearance when TNF is neutralized compared to controls. In addition, TNF may contribute to viral clearance following a secondary RSV infection, as RSV-specific memory CD8 T cells are slightly impaired in their ability to control RSV titers in the lung when TNF is neutralized [@b0060]. In contrast, TNF has no impact on the control of viral titers by adoptively transferred, RSV-primed splenocytes following a primary RSV infection [@b0070]. Together, these results indicate that TNF may contribute to viral clearance by RSV-specific CD8 T cells in cooperation with additional cell death mechanisms, such as the Fas:FasL and perforin pathways.

TNF has also been implicated in the induction of immunopathology following RSV infection in murine models. Mice in which TNF is neutralized exhibit ameliorated weight loss following RSV infection as compared to controls [@b0075], [@b0480]. However, another study demonstrated no difference in weight loss between anti-TNF neutralizing antibody- and control-treated mice [@b0070]. In contrast, mice primed with recombinant vaccinia virus strains expressing either the RSV F or G proteins prior to RSV challenge exhibit significantly reduced weight loss and symptom illness scores in the absence of TNF [@b0485]. Similarly, DC-LM-immunized mice exhibit significantly reduced weight loss, pulmonary dysfunction, and mortality following RSV challenge when administered a TNF-neutralizing antibody compared to IgG-treated controls [@b0060]. These results indicate that while TNF may only play a minor role in the induction of immunopathology following an acute RSV infection, TNF substantially contributes to CD8 T cell-mediated immunopathology following a secondary RSV challenge. Interestingly, the levels of TNF detected following RSV challenge of DC-LM-immunized mice is significantly reduced following antibody-mediated neutralization of IFN-γ [@b0060]. This result indicates that IFN-γ may also be the driving force behind TNF-mediated immunopathology during a secondary RSV infection.

4. Cytokine-mediated regulation of CD8 T cell effector functions {#s0065}
================================================================

To prevent immunopathology, the immune system has evolved critical mechanisms to regulate the effector activity of pulmonary CD8 T cells following RSV infection. The effector functions of RSV-specific CD8 T cells, including the production of IFN-γ and TNF, are inhibited in the lung following infection [@b0490], [@b0495], [@b0500]. The capacity of RSV-specific CD8 T cells in the lung to produce cytokines following *ex vivo* peptide stimulation is impaired, a phenomenon that does not occur as severely with splenic CD8 T cells [@b0170], [@b0490], [@b0495], [@b0500]. These results suggest that regulatory mechanisms are evoked to reduce CD8 T cell effector functions at the site of infection. Indeed, several mechanisms have been defined as being critical regulators of CD8 T cells following RSV infection, including regulatory CD4 T cells [@b0170], [@b0505], [@b0510], [@b0515], the PD-1:PD-L1 inhibitory pathway [@b0425], [@b0520], [@b0525], and the actions of various inhibitory cytokines, which will be discussed in further detail in [4.1](#s0070){ref-type="sec"}, [4.2](#s0075){ref-type="sec"}.

4.1. IL-10 {#s0070}
----------

One of the primary cytokines that has been established as critical for the regulation of pulmonary CD8 T cells following RSV infection is IL-10 ([Fig. 2](#f0010){ref-type="fig"}b). RSV infection in mice induces IL-10 production in the lung and airways that peaks at approximately 5 days post-infection, prior to the peak of the CD8 T cell response [@b0095], [@b0385], [@b0395]. IL-10 is also detected in the nasopharyngeal secretions of hospitalized RSV-infected infants [@b0365], [@b0405]. T cells are the major cellular source of IL-10, as RSV infection of either CD4 and CD8 T cell-depleted mice or *Rag* KO mice, which lack T cells, results in little detectable IL-10 in the lung and airways, respectively [@b0095], [@b0395]. Both CD4 and CD8 T cells are capable of making IL-10 *in vivo* after RSV infection in mice, although CD4 T cells are the primary source [@b0095], [@b0395], [@b0530]. A large proportion of the CD4 T cells producing IL-10 are regulatory CD4 T cells that express the transcription factor Foxp3. Additional conventional CD4 T cell populations producing IL-10 have also been described, including effector CD4 T cells that co-produce IFN-γ and IL-10 and CD4 T cells lacking both IFN-γ production and Foxp3 expression [@b0095], [@b0395], [@b0530]. Within the IL-10-producing population of CD8 T cells, the vast majority co-produce IFN-γ following RSV infection [@b0395], [@b0530]. Human CD4 T cells are also capable of secreting IL-10 following RSV infection *in vitro*, suggesting that T cells may also be an important cellular source of IL-10 in humans [@b0535].

The role of IL-10 in the regulation of CD8 T cell responses has been primarily studied through the use of either IL-10 KO mice or treatment with IL-10 receptor blocking antibodies *in vivo*. Deficiency of IL-10 in either model results in significantly increased weight loss and pulmonary dysfunction following RSV infection compared to controls [@b0095], [@b0395], [@b0530]. Additionally, the lung pathology score by histological analysis and levels of the pro-inflammatory cytokines IFN-γ, TNF, and IL-6 in the lung and airways are significantly elevated in mice lacking functional IL-10 [@b0095], [@b0395], [@b0530]. Given the prominent role of CD8 T cells in exacerbating disease following RSV infection, these results suggest that IL-10 may regulate CD8 T cell responses. Indeed, mice lacking IL-10 accumulate significantly increased numbers of CD8 T cells in their lungs and lung-draining lymph nodes compared to their WT counterparts [@b0095], [@b0530]. CD8 T cell effector functions are also elevated following RSV infection in the absence of IL-10. Mice lacking functional IL-10 exhibit an increased number of pulmonary CD8 T cells capable of producing IFN-γ or both IFN-γ and TNF after *ex vivo* stimulation [@b0095], [@b0530]. Similarly, enhanced IFN-γ production was also observed by pulmonary CD8 T cells in mice treated with IL-10 receptor blocking antibody [@b0395]. While IL-10 is thought to primarily target cells of the myeloid lineage, Sun et al. demonstrated that CD8 T cells are capable of being regulated directly by IL-10 [@b0395], [@b0540]. Purified CD8 T cells stimulated with anti-CD3 *in vitro* exhibited significantly reduced IFN-γ production in the presence of IL-10, but this effect was completely reversed with the inclusion of IL-10 receptor blocking antibodies [@b0395]. Additionally, elevated levels of IFN-γ were secreted in mice with a CD8 T cell-specific deletion of the IL-10 receptor compared to controls in which the IL-10 receptor was expressed on all cell types. Together, these results suggest that IL-10 can directly regulate CD8 T cell responses following RSV infection. Additionally, autocrine regulation of CD8 T cells co-producing IL-10 and IFN-γ may also be possible ([Fig. 2](#f0010){ref-type="fig"}). Overall, these studies demonstrate that IL-10 is a critical cytokine by which CD8 T cell numbers and effector functions are regulated following RSV infection.

While regulation by IL-10 has not been extensively studied following RSV infection in humans, there is evidence correlating reduced IL-10 expression to exacerbated disease. Children with a severe, natural RSV infection exhibit a reduced expression of genes associated with IL-10 signaling pathways in peripheral blood samples [@b0375]. Similarly, the peripheral blood of elderly individuals who are more susceptible to RSV-induced respiratory disease contain a decreased number of CD4 T cells capable of producing IL-10 compared to younger adults [@b0535]. These data suggest that IL-10 may also play a regulatory role in human RSV infection.

4.2. Additional cytokines regulating CD8 T cell responses {#s0075}
---------------------------------------------------------

While IL-10 is the most well-studied, several other cytokines have been identified in contributing to the regulation of RSV-specific CD8 T cell responses ([Fig. 2](#f0010){ref-type="fig"}b). The Th2 cytokine IL-4 is primarily associated with exacerbating RSV immunopathology but can also function as a regulator of RSV-specific CD8 T cell effector functions [@b0545], [@b0550]. Infection with a recombinant RSV strain expressing IL-4 generates reduced numbers of total CD8 T cells, RSV-specific CD8 T cells, and CD8 T cells producing IFN-γ in the lung compared to WT RSV after peptide stimulation [@b0555], [@b0560]. Additionally, the *in vitro* cytolytic activity of RSV-specific CD8 T cells from mice supplemented with IL-4 during RSV infection is significantly less than that of CD8 T cells from mice infected with WT RSV [@b0080], [@b0555]. Importantly, the cytolytic activity is restored with the addition of neutralizing antibodies against IL-4 [@b0080]. Similarly, antibody-mediated neutralization of IL-4 *in vivo* results in enhanced cytolytic activity of RSV-specific CD8 T cells compared to PBS-treated controls [@b0550]. Together, these results support a role for IL-4-mediated regulation of CD8 T cell responses during RSV infection.

Several additional cytokines that act to suppress CD8 T cell numbers and cytokine production have been identified utilizing antibody-mediated neutralization. Antibody-mediated blockade of IL-17 *in vivo* enhances the total numbers of RSV-specific CD8 T cells and CD8 T cells producing IFN-γ or granzyme B in the lung following RSV infection [@b0085]. IL-27 also suppresses CD8 T cell cytokine production in the airways, as the numbers of CD8 T cells producing IFN-γ and both IFN-γ and TNF are significantly increased in mice treated with an IL-27 neutralizing antibody [@b0090]. Blockade of IL-6 also significantly elevates the total number of pulmonary RSV-specific CD8 T cells compared to IgG-treated controls [@b0090]. Interestingly, IL-6 blockade prior to day 3 post-infection has a more profound effect on the enhancement of RSV-specific CD8 T cell numbers than later antibody treatment. IL-6 protein levels in the lung and airways are elevated early after infection and then decline within a few days [@b0090], [@b0385]. These results suggest that the early burst of IL-6 following RSV infection is critical for dampening the CD8 T cell response. Overall, a variety of cytokines play a role in regulating RSV-specific CD8 T cells in addition to IL-10.

5. Conclusions {#s0080}
==============

CD8 T cells play a critical role following RSV infection by mediating viral clearance and providing protection against secondary RSV infection. The cytokines produced by RSV-specific CD8 T cells play an important part in exerting these vital functions. While IFN-γ and TNF produced by CD8 T cells may contribute to viral clearance, the exact mechanisms governing CD8 T cell-mediated viral control following RSV infection remain unknown. Identifying the mechanisms most responsible for viral clearance by CD8 T cells will provide valuable knowledge to the development of a future CD8 T cell-focused vaccine. While CD8 T cells are vital for viral control, they can also induce immunopathology following RSV infection. IFN-γ and TNF produced by CD8 T cells play a critical role in the induction of immunopathology following RSV infection. This is especially true in murine models, where IFN-γ and TNF have been demonstrated to initiate immunopathology following either a primary or secondary RSV infection. Interestingly, IFN-γ produced by memory CD8 T cells in DC-LM-immunized mice was determined to be the primary driver of CD8 T cell-mediated immunopathology following a secondary RSV challenge. The role of IFN-γ in driving exacerbated disease included the induction of TNF in the lung following challenge, which also independently mediated exacerbated morbidity and mortality in this model. These results indicate that the IFN-γ production by CD8 T cells induced by vaccination needs to be carefully regulated to avoid excess immunopathology. It has been shown that multiple cytokines can function to suppress the magnitude of IFN-γ production by RSV-specific CD8 T cells in the lung, including IL-10. A future CD8 T cell-mediated RSV vaccine with the ability to induce one or more regulatory cytokines following subsequent RSV exposure could provide necessary inhibitory signals to dampen CD8 T cell responses and prevent their prolonged activation. Overall, the induction of CD8 T cell responses by a future RSV vaccine will require careful consideration to balance CD8 T cell-mediated protection and immunopathology. In particular, the secretion of the pro-inflammatory cytokines IFN-γ and TNF by virus-specific CD8 T cells will need to be controlled. Combining the induction of pro-inflammatory cytokine-producing CD8 T cells with the actions of inhibitory cytokines may assist in achieving this balance and provide an effective RSV vaccine.
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